A quantitative microbial risk assessment (QMRA) was conducted to support renewal of the City of Vacaville wastewater discharge permit and seasonal (summer) filtration requirements. Influent and final disinfected effluent from the city's wastewater treatment plant, as well as 11 receiving water stations, were monitored for indicator organisms (i.e. total and fecal coliforms, Escherichia coli, Enterococcus, male-specific bacteriophage (MS2), and the Bacteroidales) and several pathogens (i.e. Giardia cysts, Cryptosporidium oocysts, infectious Cryptosporidium, and Norovirus GI and GII). QMRA annualized risks of infection for selected pathogens enteric viruses, Giardia and Cryptosporidium. Estimated median annualized risk for recreational exposure in either disinfected secondary and/or filtered disinfected secondary effluent is on the order of 1.1 × 10 À3 per person per year (pppy) for enteric viruses and would be roughly one order of magnitude lower if local receiving water dilution of the treatment plant effluent was taken into account. Estimated median annual risk for recreation exposure in disinfected secondary effluent is 1.8 × 10 À3 pppy for Cryptosporidium and 1 log 10 less with filtration during the summer months.
INTRODUCTION
Quantitative microbial risk assessment (QMRA) involves evaluating the likelihood that an adverse health effect may result from human exposure to one or more pathogens. The risk assessment process requires the selection of appropriate microorganisms, routes of human exposure (e.g. receiving water recreation, and water reuse for food crops, recreation and landscape irrigation), and models to calculate risks to an individual or population. Two fundamental QMRA approaches are pervasive in the literature. They may be categorized as static (i.e.
individual-based risk assessment) or dynamic (i.e. population-based risk assessments that consider person-to-person transmission, and/or the establishment of immunity within the population). The static model (National Research Council ) is commonly used as a generic framework for conducting microbial risk assessments of water-and food-borne pathogens (Haas et al. ) . Assessments using a static model typically focus on estimating the probability of infection or disease for an individual as a result of a single exposure event. These assessments generally assume that multiple or recurring exposures constitute independent events with identical distributions of microbial contamination (Regli et al. ) .
While QMRAs are now commonly used to inform many aspects of water planning and policy, an increasing number of studies are beginning to combine the QMRA approach with novel source tracking methods that use microbial genetics (Ashbolt et al. ) . The Bacteroidales bacteria group in particular, is a useful indicator of contamination due to human versus other animal sources (EPA ). Genotyping of Cryptosporidium can also indicate likely origin (DiGiovanni et al. ) . Evaluating the relative contribution of different types of Bacteroidales or Cryptosporidium from the wastewater treatment plant (WWTP) and at different locales within the discharge watershed can potentially provide greater insight into the proportion of total health risks from exposure to water that are attributed to wastewater discharge. This paper describes the results of a study (Olivieri et al. ) in which the overall objective was to collect sufficient final disinfected effluent and various receiving water samples, upstream and downstream of a WWTP in California, USA, over the course of a year to better characterize microbial agents and update a previously-conducted QMRA (Olivieri & Soller ) to address various pathogenic agents of infection and/or disease through a number of exposure routes including: (1) recreation in the receiving waters, (2) using the recycled water for agricultural irrigation of food crops, and (3) non-potable reuse on parks, playgrounds, and golf courses. The results of the QMRA were then utilized to support the renewal City of Vacaville wastewater discharge permit and seasonal (summer only filtration) discharge limits.
METHODS

Study area
The study area (approximately 156,000 acres) lies in the north- (2) provide a level of treatment equivalent to disinfected tertiary effluent as specified in the California Water Recycling Criteria for all flow prior to discharge during the dry season.
Pathogen sampling and analysis
Various microbial indicators and pathogens were sampled over the course of approximately one year (January 1, 2011 through January 31, 2012) to characterize both influent and effluent concentrations for use in the QMRA. Eleven receiving water sampling locations are shown on Figure 1 and were selected based upon the upstream and downstream position relative to the EWWTP, suspected agricultural influences, flow characteristics within the watershed, and proximity to a drinking water intake. All samples were collected during out-flow tidal events in order to measure the maximum influence of the EWWTP effluent and agricultural drains into the watershed.
In developing our pathogen sampling and QMRA approach, the following factors were considered: (1) for waterborne illness or disease to occur an agent of disease (pathogen) must be present, (2) the agent must be present in sufficient concentration to produce a probability of infection or disease in an unacceptable fraction of the population, and (3) a susceptible host must come into contact with the dose in a manner that results in infection or disease (Cooper ) . From the long list of possible pathogens, those known to be present in wastewater, and most responsible for disease burden in the United States (Figure 2 ). The risk computed from the dose-response is expressed as 'per day', and converted to an annualized risk (Haas et al. ) :
where P is the probability of being infected at least once during the year, Probinf(d) is the probability of being EWWTP log 10 removals for wastewater treatment processes were derived from the pathogen and indicator monitoring data (see Table 3 ). were then used for the QMRA simulations.
Exposure scenarios for QMRA
A total of three scenarios were explored and scenario assumptions are provided in Table 4 . The laboratory data were adjusted for percent recovery based on average of matrix spikes: Influent Giardia -13% (increase by 7.7), Influent Cryptosporidium -13% (increase 7.7), Effluent
Giardia -63% (increase 1.6) and Effluent Cryptosporidium-54% (increase by 1.9) (IEH-Biovir Laboratories in Olivieri et al. 2012) . Log 10 reductions based on sampling a lognormal distribution described by data in Table 6 Assumed uniform distribution of 0.5 to 1 log 10 reduction for filtration of Giardia Based on data and analysis contained in Soller et al. (2007) and Olivieri et al. (2014). b Enteric viruses (EV) are based on the MS2 indicator data. The indicator data needs to be converted to EV concentration data in order to enable its use later in the dose-response equation. The following equation converts F þ RNA coliphage concentration to enteric virus concentration: Log(y) ¼ 0.17 þ 0.98*Log(x), where x is the concentration of coliphage (per mL) and y is the concentration of enteric viruses (per L). The relationship is based on a study by Havelaar et al. (1993) . In that study, a high correlation between these two organisms was found for several types of undisinfected environmental samples including river water. The relationship above may vary from site to site, but is currently the best available relationship. Given the assumptions implied in the risk calculations and that the ratio of phage to EV was reported to be relatively constant regardless of concentration and type of water investigated, it is anticipated that the risk estimates derived using coliphage for EWWTP final disinfected effluent are conservative upper bound estimates. c Over 7 day decay period assume a mean 3.3 log 10 reduction for enteric virus, and a 2 log 10 reduction for Giardia and Cryptosporidium (Olivieri et al. 2014) .
has not been cultivated successfully using conventional tissue culture methods (consequently, no work is available to establish the ratio between genome density and infectious unit density in the water environment); and (4) while genome-based methods are more sensitive at detecting the presence of copies of the genome of a virus, these methods do not provide information on viral infectivity (NRC ). and applied (4) to estimate effluent concentrations (5).
Modeling methods
A Monte
Based on the exposure route of interest, ingestion rates were estimated (6). By combining the ingestion rate (7) with the effluent concentration, the dose of pathogen The dose-response relationship utilizes dose units in focal forming units. The conversion between MPN and FFU was based on Havelaar et al. (1993) . See footnote c in Table 4 . risks are for infection rather than disease, and that not all infections result in clinical disease. The QMRA simulations were conducted using the R language (version 3.1.0). 
Acceptable risk assumption
RESULTS
EWWTP performance
The plant influent and effluent water-monitoring results for the 13-month field study are summarized in Table 3 , and plant performance (i.e. estimated log 10 removals) described by the data shown in Table 6 were used for the QMRA simulations. Noroviruses from the plant appear to be on the order of at least 3.9 to 4.1 log 10 and more likely 5 to 8 log 10 removals For purposes of calculating log 10 removal, a value less than the method detection limit was considered to be at the detection limit. Normal distributions were zero truncated so that negative values were not sampled. a The laboratory data were adjusted for percent recovery based on average of matrix spikes: Influent Giardia -13% (increase by 7.7), Influent Cryptosporidium -13% (increase 7.7), Effluent
Giardia -63% (increase 1.6) and Effluent Cryptosporidium -54% (increase by 1.9) (BIOVIR, April 30, 2012 contained in Olivieri et al. 2012) . b The US EPA Method 600/R-95/178 modified with molecular detection by Ceeram, S.A.S PCR kits was used for the determination of presence and concentration of Noroviruses. The Ceeram reverse transcriptase real-time PCR kits could distinguish between Norovirus GI and GII.
based on the upper end of the range of observed concentrations (unadjusted for recovery). As noted previously, Norovirus data were used only to estimate plant removals and not used to conduct the QMRA.
Cryptosporidium concentrations in the influent ranged from <1 (detection limit) to 10 oocysts/L with a median of 1 oocyst/L (the estimated range and median are, adjusted for recovery, 7.7 to 77 oocysts/L with a median of 15 oocysts/L).
Five of the 11 influent samples were positive for Cryptosporidium and none were infective. Four were found to be human-pathogenic by genetic markers. Cryptosporidium concentrations in the final disinfected effluent ranged from <0.1 with a mean of 4.5 log 10 . Please note that for the purpose of this analysis we conservatively assumed that a Giardia cyst with an identifiable internal structure was infective.
Receiving water quality
The Bacteroidales were from non-human sources.
QMRA findings
The wastewater plant influent data employed as input for the QMRA simulations are included in Table 7, and on the order of 3 log 10 less risk for enteric viruses.
Risks associated with recreation in filtered effluent is ship. c Based on adjusting for recovery see Table 6 . Median estimated risk assumes 35% with complete structure (infective). Adjusting infectivity from 35% to 60% yields an estimated median annualized risk of 3.73 × 10
À04
. c Estimated risks assume 24% infective (Note: none were infective). For Scenario II (see Table 10 ), the estimated median annualized risk was 7.6 × 10 À7 for enteric viruses and 1.5 × 10 À7 to 1.2 × 10 À6 for parasites for use of secondary disinfected effluent for landscape irrigation. All estimates are lower than the one annual infection per 10 À4 California assumed level of acceptable infection for recreational exposure (CDPH ). The addition of filtration results in lowering the annualized median risk estimates for the parasites by about 1 log 10 resulting in risk estimates for parasites on the order of 10 À8 to 10 À7 pppy.
For Scenario III (see Table 11 ), direct contact of produce with agricultural irrigation using recycled water, estimated median annualized risk was 1.7 × 10 À7 for enteric viruses and 3.0 × 10 À5 to 3.6 × 10 À6 for parasites for use of secondary disinfected effluent. All estimates are lower than the California assumed level of acceptable infection for recreational exposure. The addition of filtration results in lowering the annualized median risk estimates for the parasites by about 1 log 10 resulting in risk estimates for parasites on the order of 10 À6 to 10 À7 pppy.
Generally for all the scenarios, sensitivity of risk results to dose-response parameters, which are also subject to uncertainty and population variability, was not explored.
For example, the dose-response relationship utilized for
Cryptosporidium (Table 5) It is expected that incorporation of dose-response variability and uncertainty would most likely broaden the distribution of risk, however, relative to the variability associated with exposure assumptions it is anticipated that risk estimates would tend to be insensitive to varying r values.
The EWWTP is required by the State of California to filter the secondary effluent prior to disinfection in the dry season (i.e. the months of May through October) of each year. As previously discussed it is conservatively assumed that additional parasite removals through the addition of filtration are on the order of 0.5 to 1 log 10 reductions (uniform The EWWTP data presented in Table 3 
